The SiO molecule is one of the candidates for the seed of silicate dust in the circumstellar envelope of evolved stars, but this opinion is challenged. In this work we investigate the relation of the SiO maser emission power and the silicate dust emission power. With both our own observation by using the PMO/Delingha 13.7-m telescope and archive data, a sample is assembled of 21 SiO v=1,J=2-1 sources and 28 SiO v=1,J=1-0 sources that exhibit silicate emission features in the ISO/SWS spectrum as well. The analysis of their SiO maser and silicate emission power indicates a clear correlation, which is not against the hypothesis that the SiO molecules are the seed nuclei of silicate dust. On the other hand, no correlation is found between SiO maser and silicate crystallinity, which may imply that silicate crystallinity does not correlate with mass loss rate.
INTRODUCTION
Silicate is the most important species of oxygen-bearing dust that is believed to be formed in the circum- Silicate dust is widely detected in astronomical objects via their spectral features. The earlier detections are based on the 9.7 and 18 µm features, which are wide, smooth and featureless and identified as from the Si-O stretching and O-Si-O bending mode respectively of amorphous silicate. The IRAS/LRS detected such spectral features in over 4000 O-rich stars (Kwok 2011) . With the increase of spectrometer sensitivity and spectral resolution, the ISO/SWS for the first time detected many narrow spectral features in evolved O-rich stars that are identified as from crystalline silicates (Waters et al. 1996) . Afterwards, the crystalline silicates are found in various types of objects in the ISO/SWS and Spitzer/IRS spectrum (Molsters et al. 2002a,b,c; Gielen et al. 2008) . The narrow features of crystalline silicates appear mainly in seven complexes at approximately 10, 18, 23, 28, 33, 40 and 69 µm (Molsters et al. 2002b ).
The formation mechanism of amorphous and crystalline silicates is still unclear in spite of numerous detections of the spectral features in the circumstellar envelope of O-rich evolved stars. Dust condensation generally takes two steps (Ferrarotti & Gail 2001) . The first step is the formation of tiny seed nuclei probably of the order of a few nanometers, which will serve as centers for later growth to macroscopic grains.
The material from which the seed nuclei are formed may either be the same material as the final dust grains (homogeneous dust formation) or be a different material from the final dust grains (heterogeneous dust formation). For carbon grains, there is agreement that the dust grains would experience a heterogeneous growth on the seed nuclei TiC (or ZrC) (Bernatowicz et al. 1996) . Meanwhile, the situation with respect to silicate dust is controversial. It has been long known that homogeneous silicate dust formation is not possible and requires the formation of some different kind of seed particle (Donn 1978; Gail & Sedlmayr 1986 , 1998a . Gail & Sedlmayr (1998a) have proposed TiO 2 as the seed nuclei from theoretical considerations. Corundum(Al 2 O 3 ) was also suggested as the seed nuclei of silicate dust formation but met challenge since small aluminium clusters have low bond energy and form only at very low temperatures (Chang et al. 1998) . Considering the transparency of the corundum and full Mg-bearing silicate dust in the optical and near-infrared bands (Koike et al. 1993; Kemper et al. 2001) , they were thought to be too transparent to be effectively accelerated away from the star by radiation pressure. But Norris et al. (2012) pointed out that large grains of these two kinds of dust might form in the close vicinity of a few radii to the star via photon scattering rather than absorption and deduced the possibility of corundum-core and silicate-mantle dust. 2006; Höfner et al. 2016 ). However, this argument is challenged by lack of laboratory support. Another mechanism needs a conversion from amorphous form through thermal annealing especially in circumstellar disc (Gail & Sedlmayr 1999; Ferrarotti & Gail 2001) . But this model was questioned by Molster & Waters (2003) who argued that the circumstellar disks are after all not an accretion disk, so radial transfer of material may not happen. Other scientists prefer to believe that crystalline silicates are the firstly formed dust. Tielens et al. (1998) proposed a model in which the Fe 2+ ion will penetrate into the crystalline dust and destroy its lattice structure after the condensation of crystalline silicate, which finally leads to formation of amorphous silicate. However, there is no observation of severe reduction of crystalline silicate features.
In this work, we try to study the relation between silicate dust and SiO gas molecules in the evolved stars, which will give some hints on the formation mechanism of silicate dust. SiO molecules are usually traced by their radio lines, either thermal lines from vibrational ground state v =0 or maser lines from vibrational excited states v =1 or v =2. Usually the thermal lines are much weaker than the maser lines (Gail et al. 2013) . The SiO masers usually occur within a few stellar radii of the stellar surface between the hot molecular inner envelope and the cooler region at 3 ∼ 5 R star where the dust (especially silicates)
forms, and the temperature decreases from 1770K to 1100K (Danchi et al. 1994; Reid & Menten 1997 According to the infrared spectrum either from ISO/SWS or Spitzer/IRS, the silicate feature(s) around 10 µm is mostly in emission while in absorption for seven objects. In the following it will be shown that the SiO maser is not detected in the sources that exhibit 10 µm absorption except in OH 26.5+0.6. OH 26.5+0.6 is removed for later analysis of the relation between SiO maser and silicate dust because it is optically thick around 10 µm.
The observation was carried out from 2 May 2013 to 2 June 2013 by using the PMO/Delingha 13.7m , where k is the boltzmann constant,
A is the physical area of the antenna and η is the aperture efficiency. Since the aperture efficiency during our observation time was 0.461, the scale factor from antenna temperature to Jy turned out to be 40. and NML Cyg (Red Supergiant) (see Figure 1 ). These stars were previously detected and our observation confirmed that they are SiO maser emitters. Due to the relatively small aperture of the 13.7-m antenna, no new detection was found. On the other hand, the SiO maser is variable and its intensity is then phase dependent (e.g. Gray et al. 2009 ), thus only a fraction of the sample can be detected at a given epoch.
Although it would be better to analyze the relation of SiO maser detection with phase, accurate periods are not known for many of the sample stars, and in some cases they may be irregular.
Sources from literatures
As the SiO maser detection rate is lower than expected, our sample needs to be expanded in order to obtain a reliable statistical result. We assembled the SiO maser sources from published papers. From numerous detections of SiO maser, the objects are selected by the following criteria: (1) with the ISO (Infrared space Observatory) spectral data, which have already been processed by Sloan et al. (2003) in a uniform manner,
to guarantee the quality of the infrared spectrum; (2) exhibition of distinguished 9.7 and 18 µm emission features which indicate silicate dust, to ensure the detection of silicates; and (3) Table 2 ). For the sources from the work of Cho et al. (2009 ), Kim et al. (2010 and Cho & Kim (2012) , the conversion factor is 54.0, 2.5175 and 13.29 respectively. In combination with the four sources from our observation, the sample all show emission features at the wavelengths of silicate implying optically thin case.
CALCULATION OF SILICATE DUST EMISSION
The emission power of silicate dust is calculated by the PAHFIT package (Smith et al. 2007) Considering that most of the dust continuum will be ascribed to the amorphous silicate dust (Molster et al. 2001; Molsters et al. 2002a,b,c; Jiang et al. 2013) , we can consequently attain the emission flux of amor-
Then, crystallinity of silicate, defined as the mass fraction of crystalline silicate dust to total silicate dust, can be approximated by the flux ratio of crystalline silicate dust to silicate dust, i.e. η = F cry. /(F cry. + F am. ) (Liu et al. 2017) . Though the flux ratio η can not serve the same as the mass ratio of crystalline to amorphous silicate dust, using this ratio as the indicator of crystallinity of silicates is reasonable. The emission flux and could be regarded as the lower limit of crystallinity. While in the case of high mass loss rate, when the infrared radiation mainly comes from the outer cold dust envelope in the mid-infrared where amorphous and crystalline silicates share similar emissivity and dust temperatures, the flux ratio would then approximate very closely to the dust mass ratio. Notice that most of the sources are within 1 kpc even the furthest one AH Sco is 2.7 kpc from the Earth(see Table 2 ), the influence of interstellar dust on the stellar spectra should not be serious. According to recent determination of interstellar extinction in the infrared, the extinction around For the SiO maser power, we simply integrated its flux intensity over the velocity space and took it as the emission power. The results are listed in Table 2 and Table 3 .
RESULT AND DISCUSSION
Following the method of Section 3, the total emission power of the silicate dust and the flux ratio are computed and listed in Table 3 . As discussed above, the flux ratio of crystalline to total silicate could be equivalent to or be the lower limit of the silicate crystallinity. The flux ratio in Table 3 ranges from about 6% to 29% with a concentration around 10%. As Henning (2010) pointed out, The relative abundance of crystalline silicates is in general quite modest, 10% − 15%, in the evolved stars. The work of Liu et al.
(2017) yielded a similar result, most of their sources showed a crystallinity of 8% ∼ 16% while a range of 5% − 28%. Our consistency with these works indicates that the flux ratio indeed represents the mass ratio in these evolved stars.
With the total silicate dust emission power (Table 3 column 2+column 3) and the SiO maser emission power from Table 2 we can easily figure out the correlation between them. However one thing that we should bear in mind is that the emission power of both silicate dust and SiO maser is inversely proportional to the square of distance, which means there should always be correlation between the apparent power of silicate dust and SiO maser power due to this geometrical effect. In order to eliminate the distance effect and to study the relation between the intrinsic power of silicate dust and SiO maser, both measured powers are normalized to their intensity in the IRAS 60 µm band (column 5 of Table 3 ). NML Cyg and U Cep are removed from following analysis due to the lacking of IRAS 60 µm measurement. SiO masers and silicate dust, the correlation of emission power indicates that the abundance of silicate dust is correlated with that of SiO molecules. This relation may imply that SiO is the seed nuclei of silicate dust grains as suggested by Nuth & Donn (1982) and Gail & Sedlmayr (1986) . On the other hand, there are environmental factors in addition to the emitter abundance that influence the emission power. For SiO maser, the emission is an amplified maser radiation whose intensity relies on the abundance in a non-linear way.
Depending on the pumping mechanism, the maser intensity changes with the velocity gradient for a radiative pumping (Deguchi & Iguchi 1976) and with the density for a collisional pumping (Elitzur 1980). Gray et al.
(2009) modelled the SiO maser in combination with the dynamic atmosphere which found that the infrared radiation of dust plays some role in the maser emission. This result implies a correlation between the SiO maser emission and dust radiation. Since the silicate dust is the dominant component of dust in the oxygen-rich circumstellar envelope, the present correlation of silicate dust emission and SiO maser power is expected. To make things more complex, silicate features show both phase-dependent and evolutionary variability (Monnier et al. 1998 (Monnier et al. , 1999 , however, the silicate features vary very mildly and should not bring significant difference. The SiO maser varies as well and in a more irregular way. Because the method is statistical and the sample spans various phases of variation, variability may not be a serious problem. SiO masers from the v=1 state are usually found within about 2-4 stellar radii (e.g. Reid & Menten 1997 ) and most of the dust characterised as silicate, around stars with SiO masers, is formed just outside this at 5-10 stellar radii (e.g. Danchi et al. 1994 ). Thus, gas-phase SiO and silicate dust are found in close proximity.
Therefore, the correlation between SiO maser power and silicate dust emission power may indicate a true connection between SiO molecules and silicate nucleation, but the connection is not very direct since other factors play roles in determining the emission power.
Different from the total emission power of silicate dust, the crystallinity (here defined as η = F cry. /(F cry. + F am. ) ) shows hardly any correlation with the SiO maser emission power (see Figure 4) . With a very small (< 0.1) Pearson correlation coefficient, the crystallinity neither shows any correlation with the total silicate emission power. What determines crystallinity of evolved stars is an open question, a popularly studied factor is mass loss rate while the conclusion is still controversial. Jones et al. (2012) examined whether the strength of some specific strong features around 23, 28 and 33 µm correlated with mass loss rate, and did not find any clear quantitative correlation, except a general tendency that stars with high mass loss rate would have higher probability of crystallization. Some people think that the crystalline silicates can only be formed in high mass loss rate stars which have high dust column density (Tielens et al. 1998; Gail & Sedlmayr 1999) . A latest work of Liu et al. (2017) considered 28 oxygen-rich evolved stars. With PAHFIT code they fitted the ISO/SWS spectra of these sources and deduced the crystalline silicates flux ratios. Together with the dust mass loss rate obtained from SED modelling by 2DUST code (Ueta & Meixner 2003) , they investigated the relation between the silicate dust crystallinities and the stellar dust mass loss rates, their result also showed that the silicate's crystallinity is barely correlated with the stellar dust mass loss rate.
The above analysis indicates that the SiO maser emission power is correlated with the silicate dust emission that is proportional to the dust mass for the investigated optical thin cases, thus the SiO maser power could be correlated with the dust mass although the dust temperature would also play important role in determining the dust emission power. Furthermore, the dust mass can be a function of the mass loss rate. From the fact that there is no correlation between crystallinity and SiO maser, it may be drawn indirectly that crystallinity is not correlated to mass loss rate since it does not correlate with silicate dust mass in the optically thin case.
SUMMARY
In this work we investigated the relation between SiO maser power and silicate dust emission power in order to study whether SiO molecules are the seed nuclei of silicate dust. The observation to search for SiO v = 1, J = 2 − 1 maser line was performed by using the PMO/Delingha 13.7-m radio telescope and five of 31 sources were detected successfully. In combination with previous observational results, we composed a sample of 21 oxygen-rich evolved stars with SiO v = 1, J = 2 − 1 line and 28 stars with SiO v = 1, J = 1 − 0 line. The silicate emission power is calculated by using the PAHFIT code. We found that there is clear correlation between the SiO maser and the silicate's emission power, which is not against the hypothesis that the SiO molecules may serve as the seed nuclei of silicate dust. On the other hand, no correlation is found between SiO maser and silicate crystallinity.
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